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ABSTRACT

The responses of the vacuolar membrane (tonoplast) proton-
pumping inorganic pyrophosphatase (HI-PPase) from oat (Avena
sativa L.) roots to changes in Mg2" and pyrophosphate (PPi) con-
centrations have been characterized. The kinetics were complex,
and reaction kinetic models were used to determine which of the
various PPi complexes were responsible for the observed re-
sponses. The results indicate that the substrate for the oat root
vacuolar H'-PPase is Mg2PPi and that this complex is also a non-
competitive inhibitor. In addition, the enzyme is activated by free
Mg2+ and competitively inhibited by free PPi. This conclusion
differs from that reached in previous studies, in which it was
proposed that MgPPi is the substrate for plant vacuolar H+-PPases.
However, models incorporating MgPPi as a substrate were unable
to describe the kinetics of the oat H+-PPase. It is demonstrated that
models incorporating Mg2PPi as the substrate can describe some
of the published kinetics of the Kalanchoe daigremontiana vacuolar
H+-PPase. Calculations of the likely concentrations of Mg2PPi in
plant cytoplasm suggest that the substrate binding site of the oat
vacuolar H+-PPase would be about 70% saturated in vivo.

It is now well established that the vacuolar membrane
(tonoplast) of plant cells possesses two H+-pumps, one a H+-
ATPase3, the other a H+-PPase (10, 14, 21, 22). The reasons

for the presence of two H+ pumps in this membrane remain
obscure (14, 22), and, in particular, the role of the H+-PPase
needs to be elucidated. Suggestions thus far include the
possibilities (a) that the H+-PPase acts as a back-up for the
H+-ATPase under conditions in which ATP availability is
limiting; (b) that the H+-PPase is reversible and can use the
trans-tonoplast H+ gradient to synthesize PPi; or (c) that free
energy, otherwise dissipated as heat by a soluble PPase, can
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be conserved as a proton gradient if the H+-PPase functions
in vivo as a pump (14, 22, 29). Insight into the conditions
under which the H+-PPase operates in vivo, and therefore
into its function, would be gained if the substrate and other
modulators of its activity were known.

In vitro, vacuolar H+-PPases require both Mg2' and K+, in
addition to PPi, for complete activity (7, 20, 26, 27, 29).
However, the response of the enzyme to changes in both
[PPi]0to and [Mg],,, can be complex (11, 14, 27, 29). In a
reaction medium containing PPi, Mg2", and K+, the com-
plexes and ions present include free Mg, free PPi, MgPPi,
Mg2PPi, K+, and KPPi as well as various protonated forms of
the complexes (e.g. 11, 29). This makes it very difficult to test
the effect of individual complexes on the activity of the H+-
PPase because the concentration of any single complex can-
not easily be changed without altering the concentration of
some others. Nonetheless, previous kinetic studies have sug-
gested that the enzyme is activated by both Mg2" and K+ ions
and that the substrate is MgPPi (11, 26, 29). In addition, both
free PPi and Mg2PPi might inhibit the enzyme, although this
appears to depend on the tissue from which the tonoplast
membranes are prepared (11, 27, 29).
One limitation of the work reported thus far is that the

validity of the conclusions drawn from kinetic experiments
in vitro has not been tested by quantitative models of the
observed data. This paper reports detailed descriptions of the
response of the oat (Avena sativa L.) root vacuolar H+-PPase
to changes in [Mg]tot and [PPi]t.t. The data are fitted to reaction
kinetic models to elucidate the roles of various PPi complexes.
The results suggest that the substrate for the enzyme is
Mg2PPi and that this complex is also a noncompetitive inhib-
itor. In addition, the enzyme is activated by free Mg and is
competitively inhibited by free PPi. We also show that a
variant of this model can describe some of the published
kinetics of the Kalanchoe daigremontiana vacuolar H+-PPase
(29).

MATERIALS AND METHODS

Growth of Plants and Preparation of Tonoplast Vesicles

Seeds of oat (Avena sativa L.) cv Trafalgar were germinated
and grown in the dark over aerated 0.5 mm CaSO4, and roots
were harvested after 5 d. Tonoplast vesicles were prepared
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by separation of microsomal membranes on a 6% (w/w)
Dextran-T70 (Pharmacia) step gradient with 250 mm glycerol
as the osmoticum (18, 27).

Measurement of H -PPase Activity

Hydrolysis of PPi was determined by measuring the release
of Pi at 250C. The reaction mixture (final volume 0.5 mL)
contained 250 mm glycerol, 50 mm KCl, 2.5 ,ug/mL gramici-
din-D, 20 mm Hepes-BTP, pH 8.0, and MgSO4 and PPi-BTP
at the concentrations indicated. Media (minus vesicles) were
preincubated at 250C and the reaction was started by addition
of 50 ,L of vesicle suspension containing 2 to 3 ig of protein.
Control treatments contained boiled vesicles. Phosphate re-
lease was assayed by a modification (18) of the method of
Bencini et al. (1). All activities are reported on the basis of
mol PPi hydrolyzed (Pi release divided by 2). Tetrasodium
PPi was converted to its BTP salt by cation-exchange chro-
matography with Dowex-50W-X8 resin (H+ form) and titra-
tion with BTP. Calcium concentrations in the solutions were
not routinely controlled (cf. ref. 19), but experiments not
described here showed that the shape of the response curves
to [Mg]0to were not affected when EGTA was included in the
assay media.

Measurement of H+ Transport

Development of an acidic pH within the vesicles was
measured fluorometrically with quinacrine as the pH probe
using an Aminco-Bowman spectrofluorimeter. The excitation
and emission wavelengths were 420 and 495 nm, respec-
tively. The assay medium (final volume 2 mL) contained 250
mM glycerol, 50 mm KCl, 0.35 mm EGTA-BTP, 2 AM quina-
crine, 25 mm Hepes-BTP, pH 7.4, and MgSO4 and PPi-BTP
at the concentrations indicated. Vesicles (20-50 jig of protein)
were preincubated at 250C in this medium and the reaction
was started by the addition of the MgSO4. Initial rates of
fluorescence change were calculated from the resultant
quench curves.

Protein Determination

Protein was measured by the method of Bradford (3) using
BSA as a standard.

Replication

All experiments were performed at least three times, but
results are presented from single representative experiments.

Computations
Concentrations of free ions and PPi-metal complexes were

calculated using the computer program SOLCON, written by
D.C.S. White (University of York) and Y.E. Goldman (Uni-
versity of Pennsylvania). The following dissociation con-
stants were used (17): [Mg2"][PPi]/[MgPPi], 3.63 10-6 M;
[Mg2+]2[ppi]/[Mg2PPi], 1.66 10-8 M2; [Mg2+][H+][PPi]/
[MgHPPi], 8.91 - 10- M2; [H+][PPi]/[HPPi], 1.12 10-9 M;
[H+]2[PPi]/[H2PPi], 8.51 . 10-16 M2; [H+]3[PPi]/[H3PPi],
1.35 - 10"1 M3; [H+]4 [PPi]/[H4PPi], 2.14M 1- 1 M4; [K+]

[PPi]/[KPPi], 3.98* 10-2 M [K+][H+][PPi]/[KHPPi], 1.78
10-10 M2; [Ca2+][PPi]/[CaPPi], 3.98 * 10-6 M; [Ca2+][H+][PPi]/
[CaHPPi], 5.62 10-l3 M2; [H+][EDTA]/[HEDTA], 5.50
10-11 M; [H+]2[EDTA]/[H2EDTA], 3.80 10-17 M2; [H+3]
[EDTA]/[H3EDTA], 8.13 M 10-20 M3; [H+]4[EDTA]/[H4EDTA],
8.32 *10-22 M4; [Mg2+][EDTA]/[MgEDTA], 2.04 10-9 M;
[Mg2+][H+][EDTA]/[MgHEDTA], 2.88 10-13 M2; [Ca2+]
[EDTA]/[CaEDTA], 2.04 10`1 M; [Ca2+][H+][EDTA]/[Ca-
HEDTA], 1.35 - 10-14 M2; [K+][EDTA]/[KEDTA], 1.58 * 10-' M;
[Mg2+][SO4]/[MgSO4], 5.62- 10-3 M; [K+][SO4]/[KSO4], 1.26-
10'1 M.

Equations for equilibrium binding models of enzyme activ-
ity were derived by standard methods (24) and fitting to
experimental data was judged by eye. The fitting strategy for
data from any single experiment involved optimizing param-
eters for a single curve from that experiment and then as-
sessing the fit of the model to other curves from the same
experiment. Successful models were those that were judged
to give a good description of all curves from an experiment
using a single set of enzyme-ligand dissociation constants.

RESULTS

The oat root vacuolar H+-PPase, whether assayed as PPi
hydrolysis or PPi-dependent H+ transport, showed relatively
complex responses to changes in either [Mg],.t or [PPi]t.t (Figs.
1 and 2). When [PPi]t.t was varied at a fixed [Mg]tot of 5 mm,
H+-PPase activity increased to a maximum at 0.05 to 0.1 mm
[PPi]t,t and then decreased as [PPi]tot was increased further
(Fig. 1). The response to variation in [Mg]t,t was almost
Michaelian at low fixed [PPi]tot, but at higher [PPi]lot activity
was low at low [Mg]tot then rose and subsequently fell as

[Mg]t.t was increased further (Fig. 2). The responses to both
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Figure 1. The response of the oat root vacuolar H+-PPase to
changes in [PPi],., at [Mg],., = 5 mm. Activity of the H+-PPase was
measured as either PPi hydrolysis (A) or the initial rate of PPi-
dependent H+-transport (B).
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Figure 2. The response of the oat root vacuolar H+-PPase to
changes in [Mg]1t1 at fixed [PPi]1t1 of 0.1 (0) or 0.9 (0) mm. Activity
of the H+-PPase was measured as either PPi hydrolysis (A) or the
initial rate of PPi-dependent H+-transport (B).

[PPi]101 and [Mg],., obviously could not be explained by simple
Michaelis-Menten kinetics. However, the number of com-

plexes present in the assay media (see introduction) makes it
difficult to analyze the kinetics by controlled changes in the
concentration of individual complexes because alterations in
the concentration of one complex inevitably affect the con-

centration of several others. Therefore, we modeled the ki-
netics numerically.

Initially the modeling concentrated on using MgPPi as the
substrate, based on conclusions from earlier studies (11, 26,
29). We also incorporated activation by free Mg for the same
reason. However, we were unable successfully to describe
the data using such a simple model (not shown). We further
modified the model by incorporating competitive inhibition
by free PPi or noncompetitive inhibition by Mg2PPi, but
although these give some improvement, the fits are still
inadequate (e.g. Fig. 3). In particular, the models fail to
describe the changes in activity at low [Mg],., with various
fixed [PPi],01. A more detailed analysis of the changes in the
concentration of MgPPi and in [Mg],., revealed that this is
because the increases in concentrations of these ligands are

too small to account for the changes in activity. For instance,
with a fixed [PPi]101 of 1.5 mm, H+-PPase activity increased
50-fold when [Mg],., increased from 0.4 to 1.4 mm, but MgPPi
increased only 3-fold and free Mg, 9-fold. Thus, if the reac-

tion is first order with respect to each ligand, the combined
changes in concentration could account for only a 27-fold
increase in H+-PPase activity. However, a similar analysis for
Mg2PPi and free Mg indicated that the combined increase in
concentrations was 240-fold, more than adequate to account

for the observed change in activity if Mg2PPi is the substrate.
Therefore, we next examined whether models incorporating
Mg2PPi as the substrate would provide a better description
of the data.

Again, initial attempts to model the data with a two-site
model with Mg2PPi as the substrate and free Mg as an
activator were unsuccessful (not shown). We increased the
complexity and found one model that was able to fit the data
adequately. A schematic representation of the model is shown
in Figure 4. The left-hand cube of the model represents
random equilibrium binding of substrate (S = Mg2PPi), or
noncompetitive inhibitor (I = Mg2PPi) to the enzyme, and
the right-hand cube represents random binding of the com-
petitive inhibitor, free PPi. The move from the lower to the
upper plane represents random equilibrium binding of free
Mg. The relevant equilibrium constants are modified (indi-
cated by the Greek letters) to ensure microscopic reversibility,
a thermodynamic requirement. Hydrolysis of substrate can
only occur when free Mg is bound (upper plane of model).
To obtain good fits it was necessary to make the EISMg
complex catalytically competent, and the proportion of hy-
drolysis of substrate via this complex is varied by changing
the value of the parameter a.
The result of fitting the model to data from an experiment

in which response of the H+-PPase to [Mg],., was measured
at four different fixed [PPi]t0t is shown in Figure 5. The model
provides a good description of the data. The results indicate
that the low activity measured with low [Mg]tot (<0.5 mM) at
relatively high fixed [PPi]0to (1.5 mm) is due to the combined
effects of low substrate concentration, competitive inhibition
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Figure 3. Fit of a model incorporating MgPPi as the substrate,
activation by free Mg, and noncompetitive inhibition by Mg2PPi to
data from an experiment measuring the response of the oat root
vacuolar H+-PPase to variations in [Mg],o, at fixed [PPi],.t of 0.1 (0)
or 1.5 mm (A). Activity of the H+-PPase was measured as PPi
hydrolysis. The model was similar to that in Figure 4 except that
competitive inhibition by free PPi was not assumed. Symbols indi-
cate experimental data, lines the fitted model. Parameters used in
the model are defined in Figure 4 and for this fitting exercise had
the values V,,,,, = 0.29 ,umol mg-' of protein min-'; KS = 5 um; KM8
=90 jAm; K, = 90 Am; a = 0; a = d=y = a = e = 1. S, MgPPi; I,

Mg2PPi.
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Figure 4. Schematic representation of the model used successfully
to describe the kinetics of the oat root vacuolar H+-PPase. For the
relationships shown in Figures 5 through 7, the identifiers are 5,
Mg2PPi; Mg, free Mg; I, Mg2PPi; and PP, free PPi. In the poorer fits
of Figure 3, MgPPi replaces Mg2PPi as S. Details of the equations
that describe this model mathematically are given in the Appendix.

by free PPi, and insufficient free Mg to activate the enzyme.
The fall in activity at high [Mg]t0t is due to noncompetitive
inhibition by Mg2PPi. This decrease in activity is relatively
small in the presence of 0.1 miM [PPi]t0t because the concen-
tration of Mg2PPi in these conditions does not rise above
41PDM.
To test the model further we examined its ability to describe

data derived from a second, independent experiment in
which the response of the H+-PPase to [PPi]t0t was deter-
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Figure 5. Description of the response of the oat root vacuolar H+-
PPase to variation in [Mg],., by a model incorporating Mg2PPi as the
substrate, activation by free Mg, noncompetitive inhibition by
Mg2PPi, and competitive inhibition by free PPi. The experiment is
the same as in Figure 3 but shows the complete data set for the
effects of variation in [Mg]t. at fixed [PPi]t.t of 0.1 (0), 0.5 (A), 0.9
(V), and 1.5 (0) mm. Symbols indicate experimental data, whereas
lines are the fitted model. Parameter values were Vmax = 0.29 ,umol
mg-1 of protein min-1; KS = 5 um; KMg = 25 jAm; K, = 700 um; Kpp =
150 Mm; a = 0.15; a = 0.55; 'y = 0.1; # = a = = 1.

mined at different fixed [Mg]jt.. Again the model provides a
good description of the data (Fig. 6). A particularly rigorous
test of the model is its ability to describe the rise and fall in
activity as [PPi]0to increases in the presence of 1.5 mm [Mg]t0t.
The modeling indicates that with this [Mg]t.t, the changes in
activity between 0.1 and 2.0 mm [PPi]tot are inversely related
to the changes in Mg2PPi concentration, whereas the subse-
quent decline up to 3 mm [PPi]t.t is due to decreases in free
Mg as it all becomes complexed with PPi. The model also
adequately predicts the observation that activity measured in
the presence of 5 mm [Mg]t.t is lower than that measured
with 1.5 mm [Mg]t.t. This is because inhibition by Mg2PPi is
greater at the higher [Mg]tot. Comparison of the model param-
eter values for the independent experiments in Figures 5 and
6 shows that the fits to the two sets of data require changes
no greater than 2-fold in the dissociation constants for S, I,
free Mg, and free PPi.
As a further test of the model, we examined whether it

could describe the data of White et al. (29) for the response
of the vacuolar H+-PPase from K daigremontiana to variations
in [Mg],to. As indicated in the introduction, these authors
concluded that this H+-PPase uses MgPPi as its substrate.
Nonetheless, a model based on that in Figure 4 and using
Mg2PPi as the substrate was able to describe adequately the
response of the Kalanchoe H+-PPase to variations in [Mg]tot
between 0 and 10 mM (Fig. 7). As well as using Mg2PPi as
the substrate, the model also includes activation by free Mg
and competitive inhibition by free PPi but not inhibition by
Mg2PPi. Fits to the data at the larger values of [Mg]t.t (>3
mM) were less good but measured activities in this region
were quite variable (e.g. data for 0.5 mm [PPi]lt.). Attempts
were also made to model data from another experiment
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Figure 6. Description of the response of the oat root vacuolar H+-
PPase to variation in [PPi],to by a model incorporating Mg2PPi as the
substrate, activation by free Mg, noncompetitive inhibition by
Mg2PPi, and competitive inhibition by free PPi. Activity of the H+-
PPase was measured as PPi hydrolysis in the presence of various
[PPi]to, at fixed [Mg],., of 0.25 (0), 1.5 (E), and 5.0 (A) mm. Symbols
indicate experimental data, lines the fitted model. Parameter values
were Vmax = 0.28 Amol mg-1 of protein min-'; Ks = 2.5 AM; KMg =
25 Am; K = 600 AM; Kpp = 100 AM; a = 0.15; a = 0.55; -y = 0.1; d =
5 = e = 1.
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Figure 7. Description of the response of the Kalanchoe vacuolar
H+-PPase to variation in [Mg],., by a model incorporating Mg2PPi as

the substrate, activation by free Mg, and competitive inhibition by
free PPi. The data (from figure 2A of ref. 29) are indicated by the
symbols and the fitted kinetics by the lines. The [PPi]tot used were

0.1 (0, solid line), 0.5 (l, dashed line), and 1.0 mm (A, dotted line).
Parameter values were Vmax = 0.14 Lmol mg-1 of protein min-'; K5
= 5 Mm; KM8 = 800 um; KPP = 10 jAM; a = 0; a = = y = 6 = f = 1.

(figure 6 in ref. 29), which showed that the activity of the
Kalanchoe H+-PPase declined as [Mg],., increased from 10 to
100 mm. However, we were unable to obtain good fits to
these data. A possible explanation for this is given below.

DISCUSSION

As found previously (14, 18, 27), the oat root vacuolar H+-
PPase displays complicated kinetics in response to changes
in [Mg]8o, or [PPiJtot. The large number of PPi complexes that
can potentially interact with the enzyme to produce these
responses precludes an analysis of the kinetics by the usual
approach of varying the concentration of a single complex
while maintaining all others constant. Therefore, the results
were analyzed using reaction kinetic models. The outcome
indicates that the substrate for the oat root vacuolar H+-
PPase is Mg2PPi. This complex is also a noncompetitive
inhibitor of the enzyme, whereas free Mg activates and free
PPi competitively inhibits. Models that incorporate MgPPi as

the substrate cannot describe the data, in contrast with pre-
vious suggestions that this is the substrate of the vacuolar
H+-PPase in plants (11, 26, 29). However, the previous
studies did not undertake quantitative modeling of H+-PPase
kinetics.
A model incorporating Mg2PPi as the substrate is able to

describe some, but not all, of the kinetics of the Kalanchoe
H+-PPase (Fig. 7). In particular, we could not use the model
to explain the decrease in the activity of the Kalanchoe H+-
PPase as [Mg]tot was increased from 10 to 100 mi in the
presence of 0.1 mm [PPi]tot (see figure 6 in ref. 29). This
decline in activity was accompanied by an increase in Mg2PPi
and a decrease in MgPPi, and White et al. (29) concluded
that this strongly supported the notion that MgPPi is the
substrate. However, an alternative explanation is that the
kinetics are a response to changes in contaminating [Ca]fre..

Low concentrations of this ion cause substantial inhibition of
the vacuolar H+-PPase from Vigna and Beta (16, 19). White
et al. (29) measured their activities in the presence of 0.3 mm
EDTA because this stimulated activity and they explained
this stimulation on the basis of chelation of Ca2" contami-
nating the assay media, although no measurements of
[Calfr, were made. If Ca2" was present, then the extent of its
chelation by EDTA would depend on the Mg2" concentration.
Therefore, we used the SOLCON program to calculate
whether it was possible that changes in [Ca]f,, could explain
the decrease in H+-PPase activity as [Mg],o, was increased
from 10 to 100 mm. The calculations show that if the solutions
used by White et al. (29) contained 5 AM [Ca]0tt, the [Ca]free
would have changed from 0.8 to 2.2 AM as [Mg]t05 increased
from 10 to 100 mM. A plot of the H+-PPase activity measured
by White et al. (29) against this change in [Ca]fr,, shows that
the two are inversely related (Fig. 8), suggesting that free Ca
could have inhibited the enzyme. Because no measurements
of [Ca]fr,, were made on the solutions used by White et al.
(29), this explanation is obviously speculative. Nonetheless,
the relationship in Figure 8 and the ability of a model with
Mg2PPi as the substrate (Fig. 7) to describe some of the data
of White et al. (29) suggest that some doubt must remain
about the conclusion that MgPPi is the substrate for the
Kalanchoe vacuolar H+-PPase. It is interesting that the model
fitted the Kalanchoe data without the need to invoke inhibi-
tion by Mg2PPi, which may indicate substantial interspecific
variation in this property. The reason for such differences, if
they are confirmed, remains unclear.
The finding that Mg2PPi is the substrate of the oat root

vacuolar H+-PPase suggests that this PPase is distinct from
other well-characterized PPases, for which there is good
kinetic evidence in favor of MgPPi as the substrate (e.g. 6,
25). However, Mg2PPi has been shown to be a substrate for
the low-activity, T-form of the Streptococcus faecalis PPase
(13). In addition, a number of soluble PPases that use MgPPi

0.2 -

0.15-

LU 0.10

0.05

1 2 3

Figure 8. The derived relationship between the activity of the
Kalanchoe vacuolar H+-PPase activity and free Ca. The H+-PPase
activities are from the experiment described in figure 6 of ref. 29.
The program SOLCON was used to calculate the [Ca]free in solutions
used in the experiment, assuming that they contained a [Ca]l,o of
5 gm.
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as their substrate require a further two Mg2" ions to be bound
for maximal activity (6, 25). The binding of a single Mg2" ion
and a further two complexed to Mg2PPi to the oat vacuolar
H+-PPase indicates that this enzyme has the same operational
requirement as other PPases for three Mg2+ ions to be bound
per active site.
The question arises as to whether the concentration of

Mg2PPi in plant cells is sufficiently large to allow the vacuolar
H+-PPase to be active in vivo. The concentration of [PPi]tot
in the cytoplasm is thought to be relatively constant at 0.2 to
0.3 mm (28), but [Mg]fr is not known with accuracy; the only
measurement in plants suggests a value of 0.4 mm (30). In
animal cells, [Mg]ft, ranges from 0.4 to 3.5 mm (2, 9). We
have calculated the concentrations of MgPPi, Mg2PPi, and
free PPi that would be present in plant cell cytoplasm con-

taining 0.25 mM [PPi]tt,, 0.4 or 3.5 mm [Mg]free, and 100 mm
K+ (15) with a pH of 7.2 (8). With 0.4 mi [Mg]f,, the
concentration of MgPPi is 94 gM, nearly 12-fold higher than
that of Mg2PPi, which is only 8 ,M, whereas [PPi]f, is 72 gM
(Table I). With 3.5 mm [Mg]frT, MgPPi increases by only 18%,
whereas Mg2PPi concentration increases 10.6-fold to 85 gM
and [PPi]fr, decreases to 10 lUM. Substituting these values into
the model indicates that under both sets of conditions the
H+-PPase would operate at about 70% of the maximum
activity measured in vitro. Highest activities (94% of maxi-
mum measured in vitro) would be achieved if the cytoplasm
contains about 0.8 mm [Mg]f,, (Table I). These data indicate
that high rates of activity are possible under physiological
conditions with Mg2PPi as the substrate.

It is thought that the vacuolar H+-PPase may be a multi-
subunit enzyme (5, 23). This raises the possibility that the
enzyme shows cooperative kinetics with respect to certain
complexes, and it has been proposed that binding of free Mg
to the Kalanchoe H+-PPase is cooperative (29). We have
not explicitly considered such models, but we have found
that a noncooperative model could explain some of the
kinetics of the Kalanchoe H+-PPase (Fig. 7), thus demonstrat-
ing that cooperativity is not the only explanation for the
observed kinetics. It is quite possible that cooperative models
could be found that could fit the data for the oat root
tonoplast H+-PPase. However, it is unlikely that the fits
would be better than those obtained with the multiple bind-
ing site model in Figure 4, and the modeling would be unable

to distinguish which of several possibilities is the real descrip-
tion of the kinetics. Therefore, the best approach now would
seem to be further biochemical investigations to determine
whether evidence for or against the proposed model can be
found.
The model we tested assumes that each of the complexes

interacting with the H+-PPase requires a different binding
site (Fig. 4), thereby indicating a minimum of three different
binding sites: the active site binding Mg2PPi competitively
with free PPi, an inhibitory site binding Mg2PPi, and a free
Mg binding site. In addition, it is known that the enzyme

requires K+ for complete activity (7, 26, 27, 29), which indi-
cates a fourth binding site, and Ca2+ inhibition can only be
explained if there is a separate binding site for this ion (19).
Therefore, there must be at least five separate binding sites
on the enzyme. However, structural evidence for the exist-
ence of these sites is lacking. Mixtures of Mg2' and PPi will
protect the vacuolar H+-PPase from inhibition by residue-
specific inhibitors such as N-ethylmaleimide, phenylglyoxal,
and 2,3-butanedione (4, 12). This suggests that MgPPi or

Mg2PPi is protecting the enzyme by binding at a specific site,
presumably the active site. However, the complex providing
protection has not been positively identified. The investiga-
tion of such protective effects of various PPi complexes might
provide direct evidence for one or more of the proposed
binding sites required by the model proposed in this paper.

APPENDIX

The rate equation for the model in Figure 4 can be derived
by assuming equilibrium binding of ligands with the enzyme
(E), in conjunction with catalytic competence of selected
ligand-bound forms of the enzyme. For the model in Figure
4, we can write:

v

Et (1)
[ESMg]k + [EISMg]ak

[E] + [ES] + [EI] + [EMg] + [EIS] + [ESMg] + [EIMg] +... '

where v is the velocity (enzyme activity), Et is the total
concentration of enzyme, a represents the relative rate of
hydrolysis of the [EISMg] complex, and the denominator of

Table 1. Concentrations of PPi Complexes and Calculated Activity of the Vacuolar H+-PPase in
Cytoplasmic Conditions

The program SOLCON was used to calculate the concentrations of PPi complexes in a cytoplasm
containing O.25 mM [PPi]ltt, 100 mM [K+], 0.4,0.82, or 3.5 mM [Mg]f,ee, with a pH of 7.2. Concentrations
of [Mg]ot. were adjusted until the required [Mg]free were achieved. Activities of H+-PPase were

calculated using the parameters in Figure 5 and expressed relative to the maximum activity measured
in the experiment in Figure 5.

Concentration of Complex
H+-PPase Activity

[Mg]free [MgPPi] [M92PPi] [PPi]free

mM 'UM JM AM % maximum

0.40 94 8 72 76
0.82 118 21 44 94
3.50 111 85 10 69

1 703



Plant Physiol. Vol. 100, 1992

the right-hand side comprises the concentrations of all forms
of the enzyme.

Dissociation constants are defined as

Ks = [E][S]/[ES]; K1 = [E][I]/[EI]; etc.

The Greek letters a through E (see Fig. 4) are introduced to
ensure microscopic reversibility, which is a thermodynamic
prerequisite. This results in dissociation constants for the
ternary forms of the enzyme as

aK. = [EJ[I][S]/[EIS]Kj; IKMg = [E][S][Mg/[ESMg]K,; etc.

and for the quatemary forms as

aflK. = [E][I][S][Mg]/[EISMgfyKMgKI, etc.

Substituting into Equation 1, defining Vmax = Etk, and rear-
ranging yields

v = NUM/DEN (2)

where the numerator is defined as

NUM = Vmax[S][Mg] [Il
KKsKMg [ a3KiJ

and the denominator as

[mg] [5i] F []DEN 1+ Q+Q 1 +
KMg Kr [ k

+ [KI+[ +-l] + Ipp]
Kpp [ IKmg_ K, [ KppJ

with

Q = 1 + ESK [1aIyKS] yK [AeKjPP
Equation 2 therefore defines the response of the model in
Figure 4 to variation in ligand concentration, providing that
the dissociation constants, the relative rates of hydrolysis of
the catalytically active forms, the constants defining micro-
scopic reversibility, and the Vmax (which acts simply as a
scaling factor) are specified.
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